Introduction
Fire is and has historically been an important regulator of tree community structure in different ecosystems . In most cases fires are hard to predict and to control, and their spatial scale exhibits high variance spanning to different levels of magnitude of hectares. Thus, fires lie outside the typical examples of experimental design, and as a result analyzing their effects is often a hard task . Theoretical studies have indicated that the spread of fire can be critically influenced by the density as well as the spatial structure of trees .
Tree spacing can be random, regular, or aggregated (also known as clumped).
The regular pattern is created by competition between aggregated neighbouring individuals and death of some of them . In the absence of fire, clumped distributions can be formed by anthropogenic disturbances, soil patchiness, vegetative reproduction, limited dispersal capabilities, as well as gap regeneration -see and references therein. Theoretically, assuming spatial homogeneity, the spatial distribution that provides optimal growth opportunities for all trees is achieved by equal tree spacing, i.e. regular tree distribution . It has been reported that spatial autocorrelation did not greatly influence assessments of fire effects and that treatments designed to assess heterogeneity in forest conditions prior to the reintroduction of fire will likely be unnecessary . However, a recent study reports increased clumping of trees under more frequent burning, and thus providing inference for higher spatial autocorrelation in the spatial distribution of trees under more frequent burning . The aim of this work is to quantify the effects of fire on tree size class distributions and spacing patterns and link pattern and process regarding tree-tree interactions . To that end size and spatial properties of trees in prescribed burning plots in a mesic savanna were compared with unburnt plots on the same location .
Prescribed fires managed for resource objectives displayed similar patterns of fire severity, heterogeneity, and seedling and sapling survival with wildfires, creating post-fire conditions that approximate natural fires when assessed on a fine spatial scale . Using data from experimental burning plots that included annual burning vs. (Fig. 2b) . Thus 10 trees per focal point, 100 trees per transect and 400 trees per plot were sampled. This resulted in 400 trees per plot x 8 plots = 3200 trees in total were sampled, 1600 trees in unburnt, and 1600 in annual burn plots.
There were a few cases where the one of the four nearest neighbours of focal tree1 was also one of the four nearest neighbours of focal tree2 -in those cases the duplicate tree individuals were only included once in the statistical analysis. The TCAH of the largest among the four nearest tree individuals was also recorded (LargestF0, LargestF1). The coefficient of variation (CV), skewness, and kurtosis of the summary statistics of the abovementioned size and distance indices were calculated.
The CV is a normalised measure of dispersion of the data expressed as the ratio of the standard deviation to the mean of the data commonly used to assess data aggregation . Skewness is a unit-less index that quantifies how symmetric a distribution is -an asymmetrical distribution with long tail to the right has a positive skew . Kurtosis is a unit-less index that quantifies whether the shape of the data matches a Gaussian distribution and distributions more peaked than a Gaussian have positive kurtosis values .
In the study of spatial patterns and processes, it is logical to expect that close observations are more likely to be similar than those far apart -spatial autocorrelation . In order to assess the spatial autocorrelation of tree size distributions, in terms of TCAH, across distances the Moran's I was used . Moran's I is commonly employed for quantifying characteristics and autocorrelation in the spatial distribution of data . Moran's I is defined as:
where N is the number of trees within each plot, X is the TCAH of each tree in the plot, is the mean value of TCAH of trees within each plots, w ij are the weights of each pair-wise (X i , X j ) comparison, and i, j are the different locations within each plot that a tree was recorded. The weights of pair-wise comparisons take values closer to 1 for very close neighbours and closer to 0 for very distant neighbours, also known as a neighbouring function . The formula used to calculate the weights was: weights w i,j = 1/d i,j , where d i,j is the Euclidean distance between points i and j. A permutation test for Moran's I statistic calculated by using 999 random Monte Carlo permutations for the given spatial weighting scheme to establish the rank of the observed statistic in relation to the simulated values was employed . The Monte Carlo-generated pseudop values of the test were used to assess significance .The analysis was performed on each of the eight plots and the distant-specific autocorrelation I values for each of the four unburnt and the four annual burn plots were averaged separately and plotted.
Analysis was conducted in the 'spdep' package in R .
Results
Dominant tree species had similar presences in unburnt and annual burn plots (Fig. 3) . The CV, skewness, and kurtosis of the four nearest and in particular the nearest neighbour were larger in annual burning plots indicating a much higher degree of aggregation (clumping) in the spatial distribution of trees (Table 1 ; Fig. 4 ).
The CV of TCAH of the four nearest as well as the largest of the four nearest neighbouring trees was marginally larger in annual burn than in unburned plots (Table 1) , however skewness and kurtosis were larger in unburned than in annual burn plots (Table 1) .
Values of Moran's I across distances indicated no spatial autocorrelation of tree distributions within unburned plots at all distances examined up to 120 and repulsion (negative correlation) at long distances above 120 (Fig. 5a) . Contrastingly, there was significantly positive spatial autocorrelation in the spatial distribution of trees within annual burning plots for distances up to 30 m, while the spatial autocorrelation of larger distances could not be differentiated from random at distances up to 90 m and negative spatial autocorrelation after 110 m distances (Fig.   5b ).
Discussion
This study showed that there is increased aggregation in terms of all three indices of aggregation, CV, skewness, and kurtosis, as well as increased spatial autocorrelation (Moran's I) of trees under annual burning treatment. The mean distance to the four nearest neighbours is higher under annual burning than in unburnt plots; However, the higher aggregation and spatial autocorrelation in the distribution of trees implies that trees form patches in the annual burn plots and thus proximity to other neighbouring trees facilitates survival . Within the experimental burning plots of the Kruger it has been reported that the density of woody individuals was unresponsive to fire, but the dominance of small trees was highly responsive to the fire regime . In this study only adult individuals were sampled and thus the results reported here in should be interpreted bearing that in mind. In the same study it was reported that savannas are demographically resilient to fire but structurally responsive ; results derived here and suggest that tree-tree facilitation can be one of the structural responses under fire. The analysis of clustering conducted here did not explicitly account for species identities of neighbouring trees. However species between burnt and unburnt plots did not differ as savanna species are adopted to fire and thus species that are highly flammable and that in theory could survive in burning plots are not present .
Tree aggregation under repeated fire has been reported to initially increase clumping although repeated fires reduced it . The dataset analysed here has no time replicate and although spatial variation can be used as a tool for inferring temporal variation in population dynamics this is not within the scope if this study. However, the experimental burning plots have been established for ~50 y and thus such temporal effects may long have stabilised. Another study comparing active fire and fire suppressed areas indicated that fire exclusion increased patch sizes of trees and decreased spatial complexity , a result in agreement with the findings reported here.
Results derived here show that both positive and negative spatial autocorrelation exist in burnt plots and positive autocorrelation exists at finer scales while negative at larger ones as also reported in an experimental study . It has also been reported that facilitation and competition may coexist within the same ecosystem depending on the scale of analysis with finer scale facilitation and larger scale competition . Combined results derived here in terms of increased aggregation and positive Moran's I at finer scales and negative at larger spatial scales are showing a similar pattern with the one derived by -a fine scale facilitation and a relatively larger scale competition. It would be interesting to elaborate on the scale that this shift potentially occurs and link this scale-specific shift to the underlying mechanisms (stress gradient, soil properties, density, etc) that may be causing it: The shift from facilitation to competition may be occurring at coarser scales as precipitation increases or at finer scales as density increases. In that case quantifying the range and extend of local clustering could explain local facilitation . It is also important to note that theoretical studies indicate that, in the absence of facilitation, non-local competition among plants alone may induce patterns .
This study investigated the effects of fire as a stress gradient across two extremes: no fire for the past 50 y and annual burn during the same period. Most cases that fire acts as a stress gradient are in between those two extremes (very few natural ecosystems get burned every year); for example in the Kruger the mean natural fire return interval is between four to seven years . The frequency of burning is inversely related to the median fuel load (Fig. 6a) but that doesn't necessarily imply a linearly increasing relationship with fire intensity (Fig. 6b) . Frequent burning does not build up big wildfires and to that end the effects of big wildfires on the spatial patterning of vegetation across finer and coarser scales may differ from the ones derived here.
How is the pattern derived here formed? In the absence of fire it is well recorded through long-term studies that savanna trees are competing with their nearest tree neighbours: Probability of mortality is increasing with increasing proximity to the nearest neighbours , implying a finer scale competition rather than facilitation. Experiments that manipulated removal of nearest woody species neighbours also reported such competitive effects . In this study crowding increases the chance of survival around tree clumps in annual burning plots. Fire in the study area and in savannas in general is mainly occurring through ground fires, the main fuel load is composed by grass biomass during the dry season (August, when the annual burning treatment occurs). Facilitation can occur through various mechanisms including refuge from physical stress , refuge from predation , refuge from competition , and improved resource availability . While refuge from competition seems unlikely -there is no process why trees should not compete with their nearest neighbours in the presence of fire -the rest are testable feasible explanations: (i) Refuge from physical stress could occur if dense tree patches have lower below canopy grass biomass than in the open and thus chance of fire or fire intensity will be lower. (ii) Refuge from predation could occur because there is higher post-fire grazing intensity though this effect should be less pronounced in adult trees sampled here. (iii) Higher resource availability could occur through higher hydraulic lift .
Several factors have been proposed to modulate facilitative-competitive interactions in terms of stress gradients: seasonal water availability with competition switching to facilitation within the same year when water resources become scarce , mean annual water availability grazing intensity , and plant density . Clearly there is an interaction effect between fire as a stress gradient and all those factors.
Competitive-facilitative interactions across multiple stress gradients are not necessarily linear and may often cancel each other and such studies remain scarce. It would thus be challenging to disentangle the effects of fire in combination with MAP, density, and grazing (multiple stress gradients) on positive or negative interactions in plant communities. In addition this study investigates tree-tree patterns in unburned and annual burned plots. In the same study area (Skukuza in KNP), and in the absence of fire (control plots only) and density (isolated trees sampled only) positive interactions between trees and grasses were reported . It would be interesting to explore the relationship between tree-grass interactions under fire as a stress gradient. (F0, F1) , the average of the distances to the four nearest neighbouring trees (MeandistF0, MeandistF1), and the distance to the nearest neighbouring tree (NearestF0, NearestF1) were recorded. The mean size in terms of TCAH of the nearest four tree individuals (MeansizeF0, MeansizeF1), and the TCAH of the largest among the four nearest tree individuals (LargestF0, LargestF1) were recorded in order to calculate CV, skewness and kurtosis. 
